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Through continuous development and implementation of incremental technologies, the steel industry has improved its energy efficiency and reduced its specific energy consumption by about 60 % over the past 50-60 years. The close linkage between energy consumption and CO 2 emission has resulted in a similar reduction in specific CO 2 emission, where currently about 2.2 t CO 2 is produced per tonne of crude steel manufactured through efficient integrated blast furnace and BOF plants [2] .
Climate Change was understood fairly early in Europe not only as a challenge for society, but also as an opportunity for the carbon-intensive steel sector to explore radically new steel production technologies, even before the Kyoto protocol was signed [3] . Many wide-ranging studies were conducted to identify solution paths at a company level and in an international context [4] [5] [6] . The work carried out then showed that to reduce the specific emissions of the steel sector to the level of climate change expectation, i.e., 50 % or preferably more, it was necessary to introduce deep paradigm changes in the way steel is made, as the existing production routes had only a small leeway for improvement, 15 % or less for the world class steel mills.
Similarly, in Japan work commenced in 1999 on a fiveyear feasibility study on ''Innovative Ironmaking Reactions in New BF to Aim at Halving Energy Needs and Minimising Environmental Load.'' This project involved the four major steelmakers and 12 universities and other institutions. It was coordinated by Professor Kuniyoshi Ishii for the ISIJ and has often been termed the ''Ishii Project'' [7] .
In the early 2000s, conditions seemed prospective in Europe in terms of a favorable political context to move from paper studies to the experimental exploration of solutions. Indeed, the EU had started taking the lead in announcing the type of low-carbon economy that would be necessary. A large consortium of 40 partners was brought together, comprising most of the steel sector in the EU and The focus was on the production of steel from iron ore and coke as it was acknowledged that steel recycling using the electric arc furnace (EAF) had already reached a very high level (about 90 %) and with 100 % scarp 0.5 t CO 2 /t crude steel. This had already helped the steelmaking sector decrease its emissions in the twentieth century. Given the on-going lack of scrap availability, then further progress could only be made through steel production from primary raw materials.
A first step in the program carried out a complete review of the various options open for drastically cutting CO 2 emissions and about 80 of them were identified. In terms of process families, this included the following:
• Smelting-reduction based on coal/coke, i.e., from the Blast Furnace to new processes like HIsmelt and more; • Direct reduction based on natural gas and hydrogen;
• Electrolysis of iron ore based on various concepts; and • Bio-carbon based steelmaking, again using a number of reactors.
It was realized during the early stages that apart from biomass-based technologies, none of the proposed new technologies would achieve the target of 50 % plus reduction without being complemented by carbon capture, reuse or storage (CCUS, CCS). Thus, CCS was applied to most processes, even to the bio-carbon-based ones that would therefore act as a pump of CO 2 from the atmosphere.
Where needed, laboratory work was carried out to provide the modelers with experimental data. Modeling of energy consumption and emissions was carried out using a steel plant simulator within clearly specified boundaries that were complete and consistent for the whole range of solutions considered, thus including direct (steel mill) and indirect (energy-generation) emissions and incorporating cokemaking, pelletizing or sintering, production of lime and oxygen, power and steam plants, etc. in the boundary of a steel mill that delivered hot rolled products. When hydrogen was used, its generation plant was included within the boundary of the mill and the same was true of bio-carbon, thus incorporating for example a eucalyptus plantation and pyrolysis plant within in the boundaries.
The various routes were also compared in terms of operating and investment costs in a green field context and a full LCA study was added. A sophisticated foresight study was carried out to project all of the above from the present to 2050, using a scenario method, with the corresponding modeling developed for the study. The results of the simulations carried out were published in 12 papers in two special issues of Revue de Métallurgie [8, 9] .
In order to move beyond the simulation and laboratory studies of the initial phase of ULCOS, a process was set up to select the solutions that met the program criteria. The outcome was a series of ULCOS solutions that were considered to be the most prospective candidates to move up the TRL scale. The selection was harsh and left behind a number of potential solutions, which were considered as high risk in the program, for funding and time scale, like hydrogen reduction or charcoal-based smelting reduction, for example.
The so-called ''ULCOS solutions'' are shown in Fig. 1 . Three of them are variants of existing fossil reducing agent-based processes-coal or natural gas, in which most of the reduction in CO 2 emissions is accomplished by CCS; however, all three are designed to reduce emission, at the level of 20-25 %, due to the features added with respect to the conventional processes. The ULCOS-BF blast furnace, for example, reinjects the top gas at the tuyeres after CO 2 has been separated and sent to storage-pure oxygen is injected at the tuyeres, thus removing nitrogen from the system and avoiding its accumulation in the recirculating loop.
The fourth solution is based on electrolysis, either operated on an aqueous solution of powdered ore at about 100°C or on a liquid bath of iron and slag reducing hematite in a conducting slag.
All these processes have been developed in the continuation of the project and in further studies, mainly by RFCS [10] [11] [12] .
The ULCOS-BF was tested at the level of a 1.5 t/h in the experimental blast furnace in Luleå, Sweden, in a series of campaigns where the detailed conditions of recycling and injection were chosen and optimized. It was then decided to scale the process up to TRL7, by installing the technology on a production BF (1.7 M t HM / year, hearth diameter of 9.4 m, inner volume of 1532 m 3 ) in Florange, France. A geological storage system was studied and a suitable location in a water aquifer was selected. However, the economic crisis of 2008 forced ArcelorMittal, the Blast Furnace operator, to close down the facility, and the French government removed the project from the list of candidates for NER-300 funding at the end of 2012. Since then, the project has been put on hold while continuing research on some technological themes and waiting for a better business model to finance its cost.
The HIsarna process was scaled up to an 8 t/h, 4 m diameter bath smelter, with a cyclone at the top where iron is injected and melted before feeding the reactor sitting underneath, as a liquid phase. Several campaigns were conducted in the Tata Steel Ijmuiden steel mill since the start-up of the pilot in 2010 and they are continuing with success. An extensive trial is being scheduled to start in late 2016 and running into 2017 [13] .
The ULCORED concept has been developed mainly at the simulation level. Pilot tests are awaiting the construction of a suitable plant, delayed by the economic crisis.
Work on electrolysis has continued through several further projects. ULCORED can now routinely produce 4 kg samples of iron at ArcelorMittal research laboratories in Maizières, France.
ULCOLYSIS has by now produced a few grams of product.
The ULCOS program is continuing at a reduced pace in the wake of the 2008 financial crisis, which has not relented yet in the steel sector in Europe. The HIsarna project is the one effectively proceeding.
COURSE 50
Over the past decades, the Japanese steel industry has achieved the world's best level of energy efficiency through continuing effort in development and implementation of energy efficient and hence CO 2 reduction technologies. Further reduction in CO 2 emission requires development of innovative technologies with potential for step-change cuts in energy and CO 2 emission.
The ''Cool Earth 50'' initiative, announced by Japanese Prime Minister Shinzo Abe in May 2007, proposed to achieve environmental protection and economic growth through the utilization of innovative energy saving technologies. The steel industry of Japan responded to this with an initiative ''COURSE 50'' or ''CO 2 Ultimate Reduction in Steelmaking Process by Innovative Technology for Cool Earth 50'' and this was established and positioned as one of the ''Innovative Technology Developments.'' COURSE 50 aims at developing technologies to reduce CO 2 emissions by about 30 % through CO 2 capture and removal from blast furnace gas as well as greater use of hydrogen and reformed coke oven gas in the blast furnace. COURSE 50 also aims to capture and utilize unused waste heat from steel plants for the proposed CO 2 capture and separation processes. The progress made so far in COURSE 50 has passed successful large-scale piloting and is outlined in the series of articles in this thematic section of Journal of Sustainable Metallurgy. Fig. 1 The four ULCOS solutions selected for the continuation of the ULCOS program, according to Birat et al. [10] It is worth noting that other substantial initiatives have taken place in Japan as extensions of ''Ishii Project''. These have been reviewed by Takeda et al. [14] .
Australian CO2BTP and ISP
The Australian CO 2 Breakthrough Program (CO2BTP) was launched in late 2006 as the nation's contribution to WSA's similarly named initiative. Funding was by the two steel companies, BlueScope and Arrium, and the Australian government via the national research organization CSIRO. The program concluded in 2015 and was also named the low-emission integrated steelmaking process (ISP) in the final years. Two main areas have been explored:
(1) The use of purpose-designed biomass-derived chars as substitutes for coal and coke. Such products have near net-zero CO 2 emissions if produced from sustainably managed plantations. (2) The granulation of molten slag without the need for water quenching, termed dry slag granulation (DSG). Table 1 shows the 13 applications identified for biomass-derived chars (charcoals) in both the integrated BF-BOF and EAF steelmaking routes. Key properties of the optimized char types have been provided by Jahanshahi et al. [15] and Mathieson et al. [16] .
The potential for CO 2 emission reduction has been estimated to be between 0.7 and 1.4 t-CO 2 /t crude steel for the BF-BOF route, and between 0.04 and 0.06 t-CO 2 /t crude steel for the EAF route, making this approach the most effective means for reducing net CO 2 emissions in the steel industry, especially in the short and medium terms. An added advantage is that current iron and steelmaking process equipment will require little or no change. Liquid steel ladle-recarburiser a Charcoal has insufficient load-bearing strength for the main coke charge to medium and large blast furnaces; however, a small proportion of smaller charcoal may have advantages. Charcoal is routinely the total top charge for mini-BFs, e.g., Brazilian practice Fig. 2 The conceptual flowsheet across the value chain for the low-emission integrated steelmaking process (ISP) [15] Not only did the biomass project study the individual applications shown in Table 1 up to industrial scale in some cases, but it also covered biomass supply [17] , life-cycleassessment [2, 16] , and the development of a novel highproduction, high-yield, autogenous pyrolysis process [15, 18] .
The DSG project identified the spinning-disc approach as having the greatest potential to disperse and solidify molten slags into a granulated product suitable for incorporation into ordinary portland cement (OPC). Initial emphasis was on the elimination of problems that had plagued previous attempts, e.g., the formation of slag-wool, and to build-in effective heat recovery by using a compact design that allowed the temperature of the cooling air to rise above 500°C. Very strong progress has been achieved and the process has been demonstrated at the 1 t/h scale [15, 19] .
The overall concept of the low-emission integrated steelmaking process is illustrated in Fig. 2 . As well as providing steel products with low greenhouse gas (GHG) emissions, it has advantages in soil management, renewable energy and provides low-GHG cement-based building products.
American Iron and Steel Institute (AISI)
The North American steel industry has demonstrated that GHG emissions are best addressed through increased research and development and the deployment of innovative technologies. Due to the close relationship between energy use and GHG emissions, the North American steel industry has achieved a 32 % reduction in energy intensity and a 37 % reduction in greenhouse gas intensity since 1990.
However, the industry recognizes that in order to make major reductions in future energy/CO 2 , new methods of making steel will require completely fresh and innovative thinking. The North American steel industry has been actively investing in research and development into new transformational processes for making steel that will dramatically reduce or eliminate CO 2 emissions. This R&D is called the AISI CO 2 Breakthrough Program.
The current long-term program consists of two projects [20, 21] . The first with Massachusetts Institute of Technology is to produce iron by molten oxide electrolysis. The second project focuses on suspension reductive smelting of iron ore using hydrogen as fuel and reductant. This ''Hydrogen Flash Smelting'' R&D is being conducted at the University of Utah, where coke is replaced with hydrogen, natural gas or a combination. Both projects represent significant steps towards carbon-free ironmaking, since both will have near-zero CO 2 emissions if successful, providing that the electricity or hydrogen used comes from carbonfree sources.
In the near term, the AISI program has been developing the Paired Straight Hearth Furnace, which is a highproductivity, low-energy ironmaking unit that can process steel plant wastes, as well as virgin iron materials. This project has been carried out at the McMaster University and uses coal instead of coke. This type of furnace should be available for commercial demonstration in\5 years and will potentially achieve a significant reduction in energy use compared to current technologies. Also under consideration in the AISI CO 2 breakthrough program, are CO 2 sequestration projects.
Other International Programs
The POSCO (South Korea) program aims to find new solutions for CO 2 emission reduction in the steel industry, and climate change adaptation using steelmaking byproducts [22] . The program consists of six projects:
1. Pre-reduction of, and heat recovery from hot sinter; 2. CO 2 absorption using ammonia solution; 3. Bio-slag utilization for the restoration of marine environments; 4. Hydrogen production using COG and wastes; 5. Iron ore reduction using hydrogen-enriched syngas; and 6. Carbon-lean version of the FINEX process.
The China Steel Corporation (Taiwan) program has been focused on carbon capture and storage, where both amine-and ammonia-based solvents have been assessed through laboratory and pilot scale tests [23] . Future work includes optimization of CO 2 capture technology using ammonia-based solvent and examining alternative storage technologies.
Bao Steel (Mainland China) started its reduced-carbon production program [24] in late 2013 with a focus on energy conservation and use of waste heat from slag. A solar panel development program was started and has been developed to use the large areas of the steelmaking sites rooves to capture energy and use this for non-critical plant operation.
Also the Lanzatech system [25] of making ethanol from the BOF gas (CO content is the source) has been expanded from a laboratory plant to a commercial plant.
In this issue of JSM, we present three papers on the COURSE 50 initiative as well as two other invited papers on hydrogen flash/suspension smelting of iron ore and high-temperature properties of iron ore-charcoal briquettes.
